Introduction
============

Heat stress is a major factor influencing the growth of cool-season plant species during summer. Plant adaptation to heat stress involves changes in various processes, including hormone metabolism ([@bib65]). Heat stress inhibits synthesis and causes degradation of cytokinins (CKs), hormones known to regulate various growth and development processes, including cell division, leaf senescence, and root growth ([@bib38]; [@bib23]; [@bib19]). CKs may play important roles in regulating plant responses to heat stress.

Exogenous application of CKs has been found to be effective to suppress leaf senescence ([@bib50]) and mitigate root mortality and root electrolyte leakage, leading to improved heat tolerance ([@bib31]; [@bib74]). Overexpression of a gene isolated from *Agrobacterium tumefaciens* that encodes the enzyme adenine isopentenyl transferase (*ipt*), which catalyses the rate-limiting step in CK biosynthesis, has also demonstrated positive effects of elevated levels of CK in delaying leaf senescence and improving stress tolerances in various plant species ([@bib16]; [@bib63]; [@bib8]; [@bib24]; [@bib45]), including heat tolerance in perennial grass species ([@bib75]). The expression of the *ipt* gene in creeping bentgrass (*Agrostis stolonifera*), a heat-sensitive C~3~ perennial grass species, improved heat tolerance, as manifested by increases in tiller formation and root production and delay in leaf senescence under heat stress ([@bib75]; [@bib69]). Despite physiological studies demonstrating the positive effects of CKs on stress tolerance, the biochemical and molecular mechanisms of CK regulation of plant stress tolerance, particularly heat tolerance, are largely unknown.

Recent advances in proteomics have made it possible to perform large-scale, quantitative measurements of protein composition in plants, providing a powerful approach to discovering the genes and pathways that are crucial for stress responsiveness and tolerance ([@bib7]; [@bib77]). Proteomic analysis using two-dimensional gel electrophoresis (2D-GE) and mass spectrometry has identified many stress-responsive proteins in various plant species in response to a wide range of abiotic stresses, including heat stress ([@bib54]; [@bib12]; [@bib30]; [@bib60]; [@bib72]). Previous studies have also detected some proteins responsive to changes in CK production through exogenous application of CKs or overexpression of the *ipt* gene to increase CK synthesis. [@bib68] reported that *ipt* transgenic tobacco plants that produced more CK delayed the decline in Rubisco content in senescent tissues. [@bib78] reported that incubation of wheat leaves (*Triticum aestivum*) with 6-benzylaminopurine (BAP) reduced the degradation of Rubisco large and small subunits during dark-induced senescence. However, a large-scale analysis of proteomic changes associated with changing endogenous production of CKs, particularly in relation to heat stress tolerance, is lacking. Knowledge of proteins conferring stress tolerance that may be regulated by CKs may provide further insights into the molecular mechanisms of CK-regulated stress tolerance.

The objectives of this study were to identify protein changes associated with increases in endogenous CK production through *ipt* transformation in creeping bentgrass and determine the proteomic mechanisms underlying CK regulation of C~3~ perennial grass responses to heat stress. Specifically, the study was conducted to compare differentially expressed proteins in leaves and roots between *ipt* transgenic creeping bentgrass lines and a non-*ipt* transgenic control line \[a null transformant (NT) containing the vector without *ipt*\] exposed to heat stress. Transgenic lines were generated using two inducible promoters from *Arabidopsis thaliana* (*SAG12* and *HSP18*) to avoid overproduction of CKs with constitutive promoters. The *SAG12-ipt* construct has an autoregulatory feature in that the transcription of *SAG12-ipt* is activated in response to leaf senescence, leading to CK production, which in turn suppresses senescence; the *SAG12* promoter then attenuates *ipt* transcription and subsequent enzyme production, which prevent overproduction of CKs ([@bib16], [@bib17]). [@bib45] used the promoter from a senescence-associated receptor protein kinase gene (*SARK*) as a promoter for *ipt* and found that expression of *SARK*-*ipt* delayed drought-induced leaf senescence in tobacco. The small heat shock protein (Hsp) gene promoter in the *HSP18-ipt* line is heat inducible, with an optimum induction temperature at 35--37 °C ([@bib56]; [@bib76]). Hsp promoters have been used to control gene transcription to increase CK synthesis in tobacco (Schmülling *et al.*, 1989; [@bib51]; [@bib52]; Van Loven *et al.*, 1993). In this study, 2D-GE followed by matrix-assisted laser desorption/ionization-time of flight-mass spectrometry (MALDI-TOF-MS) was used to identify proteins that are differentially expressed between the *ipt* lines and the NT after plants were exposed to 10 d of heat stress at 35 °C. The putative roles of the identified proteins in senescence and heat tolerance of the plants are discussed.

Materials and methods
=====================

Plant materials and growth conditions
-------------------------------------

Transgenic creeping bentgrass cv. Penncross expressing *SAG12-ipt* or *HSP18-ipt* was generated from stolons of a single plant in order to produce transgenic plants with an identical genetic background. The *ipt* gene is from the Ti plasmid of *A. tumefaciens*. The construct pCAMBIA1300-*SAG12-ipt* was created from pSG516 ([@bib16]) and pCAMBIA 1300, a binary plasmid containing the gene for hygromycin resistance. The construct pCAMBIA1301-*HSP18-ipt*-*GUS* was created from pUC-HSP18, pSG516, and pCAMBIA 1301, a binary plasmid containing the genes for hygromycin and β-glucuronidase (GUS). Both constructs were introduced into *A. tumefaciens* LBA4404 by electroporation. The pCAMBIA1300 and pCAMBIA1301 without *ipt* were used to generate NT control lines; see [@bib75] and [@bib69] for details. Two *ipt*-transgenic lines, *SAG12-ipt* (S41) and *HSP18-ipt* (H31), were selected after northern and CK analyses confirmed *ipt* expression and elevated CK production under stress, compared with an NT line containing the pCAMBIA1301 vector without *ipt*. These lines were chosen because they were representative of typical heat stress responses among nine transgenic lines evaluated from each category ([@bib69]).

Plants of S41, H31, and NT were vegetatively propagated in plastic pots (15 cm in diameter and 20 cm deep) filled with sterilized sand and established in a greenhouse. The greenhouse had natural light averaging 600 μmol m^−2^ s^−1^ photosynthetic photon flux density at canopy height for a 12 h photoperiod and an average air temperature of 21 °C/14 °C (day/night). Plants were watered daily and fertilized twice a week with half-strength Hoagland\'s solution ([@bib21]). After 42 d of establishment in the greenhouse, clonal plants were transferred to controlled-environment growth chambers (Conviron, Winnipeg, Canada) with a temperature of 20 °C/15 °C (day/night), 12 h photoperiod, 60% relative humidity, and 500 μmol m^−2^ s^−1^ photosynthetic photon flux density at canopy height. Plants were allowed to acclimate to growth chamber conditions for 7 d before temperature treatments were imposed.

Treatments and experimental design
----------------------------------

Plants of S41, H31, and NT were exposed to 35 °C/30 °C (day/night) (heat stress) or 20 °C/15 °C (day/night) (control) in growth chambers for 10 d. Each temperature treatment was repeated in three growth chambers. Plants were arranged randomly inside each chamber and relocated within and among chambers every 3 d to minimize environment differences among and within the chambers. Plants were watered twice daily until free drainage occurred from the bottom of the container to prevent water deficit during the heat treatment period, and fertilized weekly using half-strength Hoagland\'s nutrient solution ([@bib21]).

Physiological evaluation
------------------------

Leaf chlorophyll content was measured to evaluate leaf senescence in transgenic and NT plants. Leaf chlorophyll was extracted from ∼0.2 g of fresh leaves using dimethylsulphoxide. The absorbance of leaf extracts was determined using a spectrophotometer (Spectronic Genesys2, Spectronic Instruments, Rochester, NY, USA.). Chlorophyll content was calculated based on the absorbance at 663 nm and 645 nm using the formulae described by [@bib2].

Leaf isopentenyladenosine (IPA), the form of CK whose production was directly controlled by the *ipt* gene, was quantified by an indirect competitive enzyme-linked immunosorbent assay (ELISA). Extraction and quantification of hormones followed the method described by [@bib49] with some modifications ([@bib66]). Briefly, samples were extracted in 80% (v/v) methanol and isolated with reverse phase C~18~ columns. Hydrophilic contaminants were washed out with 200 ml of 20% solvent \[20% methanol, 80% aqueous triethylamine (TEA, 10 mM, pH 3.5)\]. The CK-containing fraction was eluted using 200 μl of 30% solvent (30% methanol, 70% aqueous TEA). A mouse monoclonal antibody against IPA (Agdia, Inc., Elkhart, IN, USA) and a goat anti-mouse IgG conjugated with alkaline phosphatase (Sigma, St Louis, MO, USA) were used as the primary and secondary antibodies, respectively.

At the end of the treatment, root growth response to heat stress was evaluated. The root system was washed free of sand and organic matter. Root fresh weight was measured after blotting dry.

Northern blot of ipt expression
-------------------------------

Total RNA was extracted from leaves or roots using TRIZOL Reagent (Invitrogen, USA). A 10 μg aliquot of RNA from each leaf sample or 25 μg of RNA from each root sample were size fractionated in a 1.2% (w/v) agarose gel for 3 h at 65 V and transferred to a nylon membrane using a capillary blot method. The membranes were UV cross-linked. Different gene fragments were separately labelled using a random primed labelling kit (Ambion, USA). The labelled probes were purified using NICK™ columns (GE Healthcare, Sweden). Hybridization was carried out at 42 °C overnight in a northernMax pre-hybridization/hybridization buffer (Ambion, USA). The membranes were washed with 2× SSC, 0.2% (w/v) SDS at 42 °C for 10 min, and then with 0.1× SSC, 0.1% SDS at 42 °C for 10 min. Membranes were exposed to X-ray film (Fuji photo film, Japan) at --80 °C for signal detection. The northern blots were repeated three times for each sample. The best representative image from the three replicates was presented.

Protein extraction and quantification
-------------------------------------

Bulk shoot and root samples (comprising both mature and young tissues) were harvested from each pot at the end of the treatment (10 d) and immediately frozen in liquid nitrogen. The samples were then ground into fine powder and stored at --80 °C before analysis. Proteins were extracted using the trichloroacetic acid/acetone method described by [@bib72]. About 0.5 g of leaf or 1 g of root samples were homogenized on ice in 10 ml of precipitation solution (10% trichloroacetic acid and 0.07% 2-mercaptoethanol in acetone) for 10 min and incubated at --20 °C for 2 h. The protein pellet was collected and washed with cold acetone containing 0.07% 2-mercaptoethanol until the supernatant was colourless. The pellet was then vacuum-dried and suspended in resolubilization solution (8 M urea, 2 M thiourea, 2% CHAPS, 1% dithiothreitol, and 1% pharmalyte). The suspension was centrifuged at 21 000 *g* for 20 min and the supernatant was collected for protein quantification.

Protein content was determined using the method of [@bib5]. A 10 μl aliquopt of protein extract was mixed with 0.5 ml of a commercial dye reagent (diluted five times) (Bio-Rad Laboratories, Hercules, CA, USA). The absorbance was measured spectrophotometrically at 595 nm between 5 min and 30 min after reaction. A standard curve was made from bovine serum albumin.

2D-GE and image analysis
------------------------

An IPGPhor apparatus (GE Healthcare, Piscataway, NJ, USA) was used for isoelectric focusing (IEF). Portions of the extracts containing 300 μg of protein were subjected to IEF in immobilized pH gradient strips (pH 3.0--10.0, linear gradient, 13 cm), formed by rehydrating the strips for 12 h at room temperature in 250 μl of rehydration buffer (8 M urea, 2 M thiourea, 2% CHAPS, 1% dithiothreitol, 1% pharmalyte, and 0.002% bromophenol blue). The voltages for IEF were 500 V for 1 h, 1000 V for 1 h, 5000 V for 1 h, and 8000 V for 80 kVh. Following IEF, the strips were equilibrated for 15 min twice at room temperature in equilibration buffer I (50 mM TRIS-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, and 1% dithiothreitol), then transferred to equilibration buffer II (50 mM TRIS-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, and 2.5% iodoacetamide). The second dimension electrophoresis was performed on a 12.5% SDS--polyacrylamide gel using a Hoefer SE 600 Ruby electrophoresis unit (GE Healthcare, USA). The running conditions were 5 mA per strip for 30 min followed by 20 mA per strip for 5 h. The gels were stained with Coomassie brilliant blue (CBB) G-250 and scanned using a Personal Densitometer (GE Healthcare, USA).

Gel images were analyzed using Progenesis software (Nonlinear Dynamics, Durham, NC, USA). Manual correction and editing of spot features created by automatic default spot analysis settings were included. The spot volumes were normalized as a percentage of the total volume of all spots on the gel in order to correct the variability due to staining. Data were subjected to analysis of variance to test the treatment effects on each transgenic line. Means were separated by Fisher\'s protected least significance difference (LSD) test (*P* \<0.05).

Protein identification
----------------------

Selected protein spots were manually excised from gels and subjected to digestion with trypsin. The peptides were analyzed by MALDI-TOF-MS as described by [@bib71]. Data were searched against the NCBI database using a local MASCOT search engine (V1.9) on a GPS (V. 3.5, ABI) server. Proteins containing at least two peptides with a confidence interval value \>95% were considered as being identified. The obtained sequence was also manually assigned to perform another search in the Swiss-Prot and TrEMBL databases using FASTA.

Statistical analysis
--------------------

The experiment was considered to be a completely randomized split-plot design, with temperature as the main plots and plant lines as the subplots. Two-way analysis of variance was performed based on the general linear model procedure of SAS (SAS Institute Inc., Cary, NC, USA). Temperature effects on each line and genotypic differences under each temperature treatment were analysed separately because of significant interactions of temperature treatments and genotypes. Treatment means and differences between transgenic and NT control plants for each physiological parameter were separated by LSD test at the 0.05 probability level to compare differential temperature responses for each line and compare differences among the NT and two transgenic lines under control temperature and heat stress.

Results
=======

Growth and physiological responses to heat stress
-------------------------------------------------

Both *ipt* transgenic lines produced more tillers and had more vertical shoot growth than the NT plants, as shown in [Fig. 1](#fig1){ref-type="fig"}. No significant differences in leaf chlorophyll content were observed among the three lines grown at 20 °C. After 10 d at 35 °C, the chlorophyll content in S41 and H31 was maintained at the respective control levels (20 °C); however, the chlorophyll content in NT declined by 30%, and was 29% and 32% lower than that in S41 and H31, respectively ([Fig. 2A](#fig2){ref-type="fig"}).

![Plants of the non-transgenic plants (NT) and two *ipt* transgenic lines (S41 and H31) subjected to heat stress at 35 °C for 10 d. (This figure is available in colour at *JXB* online.)](jexboterq149f01_3c){#fig1}

![Chlorophyll content (mg g^−1^ DW) (A), leaf IPA content (pmol g^−1^ FW) (B), and root weight (g FW) (C) of the non-transgenic plants (NT) and two *ipt* transgenic lines (S41 and H31) at 10 d of treatment at normal temperature (20 °C) or under heat stress (35 °C). Upper case letters are for comparison between the two temperatures in a given transgenic line. Lower case letters are for comparison among the three transgenic lines at a given temperature. The same letters indicate that no significant difference existed between temperatures or among lines at *P*=0.05.](jexboterq149f02_ht){#fig2}

Leaf IPA content was comparable among the three lines when they were grown at 20 °C ([Fig. 2B](#fig2){ref-type="fig"}). Heat treatment (35 °C for 10 d) led to a 53% decrease in leaf IPA content in NT. In contrast, there was no significant decline in leaf IPA content in H31, and the content was even increased by 31% in S41 after the same treatment. Both transgenic lines maintained significantly higher leaf CK (IPA) content than the NT plants under heat tress.

Total root weight did not differ among the three lines when grown at 20 °C, but significantly decreased in all three lines when the temperature was increased to 35 °C for 10 d ([Fig. 2C](#fig2){ref-type="fig"}). Heat-induced reduction in root growth was the most severe in NT (73%), followed by S41 (54%) and H31 (40%). Both transgenic lines had significantly greater root weight than the NT plants under heat tress.

Differential ipt gene expression in response to heat stress between NT and transgenic lines
-------------------------------------------------------------------------------------------

Low levels of *ipt* gene expression were detected in the leaves of S41 and in both leaves and roots of H31 when they were grown at optimum temperature (20 °C), and the expression levels were enhanced by heat stress (35 °C for 10 d) in both transgenic lines ([Fig. 3](#fig3){ref-type="fig"}). No *ipt* gene expression was detected in the NT plants grown at optimum temperature or under heat stress.

![Northern confirmation of the *ipt* gene expression levels in the leaves of the non-transgenic plants (NT) and two *ipt* transgenic lines (S41 and H31) at 10 d of treatment at normal temperature (20 °C) or under heat stress (35 °C), with the bottom panel showing the rRNA bands loaded as a control (A). Northern confirmation of the *ipt* gene expression levels in the roots of NT plants and the two *ipt* transgenic lines (S41 and H31) at 10 d of treatment at normal temperature (20 °C) or heat stress (35 °C), with the bottom panel showing an RNA gel stained with ethidium bromide as the loading control (B).](jexboterq149f03_ht){#fig3}

Differential proteomic responses to heat stress in leaves between NT and transgenic lines
-----------------------------------------------------------------------------------------

A total of ∼300 protein spots were detected on each gel for each leaf sample. They were reproducibly observed in three independent replications. No significant differences were observed in the expression levels of all proteins among the three lines at 20 °C. However, 15 protein spots exhibited differential response patterns to heat stress at 35 °C between transgenic lines and the NT control line. These 15 spots were excised from the gels for protein identification in order to examine differential protein changes caused by the *ipt* transformation in response to heat stress.

Fourteen of the differentially expressed proteins were identified by MALDI-TOF-MS and their respective positions were marked in the protein map shown in [Fig. 4](#fig4){ref-type="fig"}. The identities of these proteins and the respondse patterns of their expression levels to heat stress in each line are summarized in [Table 1](#tbl1){ref-type="table"}. The amino acid sequences of the trypsin-digested peptides (CI \>95%) for shoot protein identification are listed in [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq149/DC1) available at *JXB* online. The normalized volume (abundance) of each spot was used to analyse the differential level of protein expression, presented as the percentage volume of each protein spot in heat-stressed plants compared with unstressed plants. The expression levels of four protein spots (\#22, 40, 110, and 192) at 20 °C and 35 °C in each line are shown in [Fig. 5](#fig5){ref-type="fig"} as examples. Spot \#22 was identified as a Hsp90, whose expression level was increased only in S41, but not changed in H31 or NT under heat stress ([Fig. 5A](#fig5){ref-type="fig"}). Spot \#40 was identified as an Hsp70; its expression level was increased in both S41 and H31, but not changed in NT under heat stress ([Fig. 5A](#fig5){ref-type="fig"}). Spot \#110 ([Fig. 5B](#fig5){ref-type="fig"}) and 192 ([Fig. 5C](#fig5){ref-type="fig"}) were identified as glycolate oxidase and a putative oxygen-evolving complex (OEC) protein, respectively; the expression levels of both proteins were decreased in NT, not changed in S41, and increased in H31 under heat stress.

###### 

Differentially expressed shoot proteins identified by mass spectrometry among NT, S41, and H31 under heat stress (35 °C) compared with those at normal temperature (20 °C)

  Spot \#                                NT    S41    H31   Protein ID \[source\]                                                         Subcellular localization   Mr/pI         PS    AccN
  -------------------------------------- ----- ------ ----- ----------------------------------------------------------------------------- -------------------------- ------------- ----- ---------------
  02\. Energy                                                                                                                                                                            
  67                                     0.7   2.0    --    Enolase (2-phosphoglycerate dehydratase) \[*Oryza sativa*\]                   Cytoplasm                  47 973/5.41   925   gi\|90110845
  73                                     2.8   --     --    Rubisco large subunit-binding protein subunit alpha \[*Triticum aestivum*\]   Chloroplast, plastid       57 521/4.83   863   gi\|134102
  81                                     0.7   0.6    0.6   Rubisco large subunit \[*Triticum aestivum*\]                                 Chloroplast                52 791/6.22   600   gi\|32966580
  132                                    1.5   1.4    1.5   Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) \[*Hordeum vulgare*\]        Cytoplasm                  36 514/6.67   632   gi\|120680
  172                                    2.2   --     1.2   Chloroplast chlorophyll *a*/*b*-binding protein precursor \[Oryza sativa\]    Chloroplast                27 565/5.69   213   gi\|149392272
  178                                    --    --     --    Oxygen-evolving enhancer protein 2 \[*Triticum aestivum*\]                    Chloroplast, plastid       27 270/8.84   606   gi\|131394
  192                                    0.3   --     1.9   Putative oxygen-evolving complex \[*Triticum aestivum*\]                      Chloroplast                21 139/9.72   424   gi\|134290407
  198                                    0.8   0.6    --    Rubisco small subunit \[*Avena clauda*\]                                      Chloroplast                18 857/8.29   606   gi\|6409335
  204                                    0.3   0.5    0.6   Photosystem II polypeptide \[*Triticum aestivum*\]                            Chloroplast                34 575/5.82   64    gi\|37783281
  06\. Protein destination and storage                                                                                                                                                   
  22                                     --    2.8    --    Heat shock protein 90 \[*Secale cereale*\]                                    Plastid                    88 117/4.90   249   gi\|556673
  23                                     0.3   --     --    Heat shock protein 90 \[*Oryza sativa*\]                                      Cytoplasm                  80 214/4.98   208   gi\|39104468
  40                                     --    1.5    2.0   Heat shock protein 70 \[*Cucumis sativus*\]                                   Chloroplast                78 635/5.10   248   gi\|1143427
  11\. Disease/defence                                                                                                                                                                   
  59                                     2.3   1.4    1.6   Catalase-1 \[*Triticum aestivum*\]                                            Peroxisome                 56 808/6.52   633   gi\|2493543
  110                                    0.3   --     1.7   Glycolate oxidase \[*Oryza sativa*\]                                          Peroxisome                 40 850/9.38   429   gi\|115455773
  12\. Unclear classification                                                                                                                                                            
  191                                    3.0   11.5   8.0   No confident ID                                                               /                          /             /     /

Spot \#, protein spot number corresponding to [Fig. 4](#fig4){ref-type="fig"}; Protein ID \[source\], protein identification based on the highest score in an alignment with this protein; Subcellular localization, predicted subcellular location of the proteins based on computer analysis; Mr/PI: hypothetical molecular weight/isoelectrical point; PS, protein score; AccN, accession number.

The differential expression level of each protein is shown as the percentage volume of the spot in heat-treated plants compared with unstressed plants. Values \<1 represent significant down-regulation of that protein under heat stress, whereas values \>1 represent significant up-regulation of that protein under heat stress. -- indicates no significant difference existed in the abundance of the protein between the two temperatures.

![A representative Coomassie-stained 2D polyacrylamide gel of separated proteins in leaves from the NT control grown at the normal temperature (20 °C). Identified proteins with significant differences among NT, S41, and H31 are indicated. The molecular weight (Mr) is marked.](jexboterq149f04_ht){#fig4}

![Selected differentially expressed protein spots (A, \#22, 40; B, \#110; C, \#192) in shoots of the non-transgenic plants (NT) and two *ipt* transgenic lines (S41 and H31) at 10 d of treatment at normal temperature (20 °C) or heat stress (35 °C).](jexboterq149f05_ht){#fig5}

The functions of the 14 identified proteins were categorized using the criteria described in [@bib4] and summarized in [Fig. 8A](#fig8){ref-type="fig"}. Among 15 proteins, 60% of the proteins belonged to the energy category, mainly for glycolysis \[enolase, glyceraldehyde 3-phosphate dehydrogenase (GAPDH)\] and photosynthesis \[Rubisco large subunit, Rubisco small subunit, Rubisco large subunit-binding protein subunit a, chloroplast chlorophyll *a*/*b*-binding protein precursor, oxygen-evolving enhancer protein 2 (OEE 2), a putative OEC, and photosystem II (PSII) polypeptide\]; 20% of the proteins belonged to the category of protein destination and storage, including two Hsp90s and one Hsp70; 13% of the proteins belonged to the category of disease/defence; these were two antioxidant enzymes \[catalase-1 (CAT-1) and glycolate oxidase (GOX)\]. One protein (7%) belonged to the category of unclear classification.

Differential proteomic responses to heat stress in roots between NT and transgenic lines
----------------------------------------------------------------------------------------

Over 600 protein spots were reproducibly detected and clearly separated by 2D-GE in roots of creeping bentgrass. A total of 43 protein spots were found to be differentially expressed among the three lines in response to 10 d of heat treatment, and their positions were marked in the protein map shown in [Fig. 6](#fig6){ref-type="fig"}. Among the 43 proteins, 38 were successfully identified by MALDI-TOF-MS. Their identities as well as the patterns of their expression levels in response to heat stress in each line are summarized in [Table 2](#tbl2){ref-type="table"}. The amino acid sequences of the trypsin-digested peptides (CI \>95%) for root protein identification are listed in [Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/erq149/DC1) at *JXB* online. The expression levels of six spots (\#118, 264, 267, 316, 322, and 324) at 20 °C and 35 °C in each line are shown in [Fig. 7](#fig7){ref-type="fig"} as examples. Spot \#316 and 322 were identified as two glutathione *S*-transferases (GSTs), whose expression levels were only increased in S41, but not changed in NT or H31 under heat stress ([Fig. 7A](#fig7){ref-type="fig"}). Spot \#324 was identified as a small GTP-binding protein (RAN); its expression level was only increased in NT, but not changed in the transgenic lines under heat stress ([Fig. 7A](#fig7){ref-type="fig"}). Spot \#118 was identified as an Hsp90, whose expression level was increased only in S41, but not changed in NT or H31 ([Fig. 7B](#fig7){ref-type="fig"}). Spots \#264 and 267 were identified as two GAPDHs; their expression levels were increased only in H31, but not changed in NT or S41 under heat stress ([Fig. 7C](#fig7){ref-type="fig"}).

###### 

Differentially expressed root proteins identified by mass spectrometry among NT, S41, and H31 under heat stress (35 °C) compared with those at normal temperature (20 °C)

  Spot \#                                NT    S41   H31   Protein ID \[source\]                                                        Subcellular localization   Mr/pI          PS     AccN
  -------------------------------------- ----- ----- ----- ---------------------------------------------------------------------------- -------------------------- -------------- ------ -------------
  01\. Metabolism                                                                                                                                                                        
  15                                     0.7   --    0.5   Ferredoxin-dependent glutamate synthase; Fd-GOGAT \[*Hordeum vulgare*\]      Plastid, chloroplast       48 618/5.27    173    Q08258
  74                                     0.8   0.6   0.9   Methionine synthase \[*sorghum bicolor*\]                                    Cytoplasm                  83 788/5.93    211    Q8W0Q7
  79                                     0.5   0.6   0.6   Methionine synthase \[*sorghum bicolor*\]                                    Cytoplasm                  83 788/5.93    351    Q8W0Q7
  82                                     0.7   0.5   0.5   Methionine synthase \[*Catharanthus roseus*\]                                Cytoplasm                  84 857/6.10    190    S57636
  199                                    0.2   0.7   0.4   Serine hydroxymethyltransferase \[*Oryza sativa*\]                           Plastid, mitochondrion     61 354/8.82    597    Q7Y1F0
  241                                    1.5   --    --    Phosphoserine aminotransferase \[Oryza sativa\]                              Plastid, mitochondrion     44 931/8.53    370    Q8LMR0
  262                                    0.2   --    --    Nucleotide-sugar dehydratase \[*Arabidopsis thaliana*\]                      Plastid                    38 621/8.58    504    F84688
  02\. Energy                                                                                                                                                                            
  53                                     --    0.6   --    Aconitate hydratase (aconitase) \[*Cucurbita maxima*\]                       Cytoplasm                  98 005/5.74    251    P49608
  57                                     --    0.6   0.6   Putative aconitate hydratase (aconitase) \[*Oryza sativa*\]                  Cytoplasm                  98 83/5.67     342    Q6YZX6
  70                                     1.5   2.1   2.1   Triosephosphate isomerase \[H*ordeum vulgare*\]                              Cytoplasm                  26 720/5.39    270    gi\|2507469
  165                                    --    --    1.7   Glucose-6-phosphate isomerase (GPI)                                          Cytoplasm                  62 237/6.96    195    P49105
  192                                    --    --    0.4   NADH dehydrogenase \[*Arabidopsis thaliana*\]                                Mitochondrion              53 504/8.46    526    Q9FNN5
  196                                    --    --    0.2   NADH dehydrogenase \[*Arabidopsis thaliana*\]                                Mitochondrion              53 504/8.46    551    Q9FNN5
  244                                    --    --    0.9   Fructose-bisphosphate aldolase \[*Oryza sativa*\]                            Cytoplasm                  38 719/6.55    545    Q40676
  252                                    0.6   --    0.7   NAD-dependent isocitrate dehydrogenase \[*Oryza sativa*\]                    Mitochondrion              40 629/8.14    386    Q6ZI55
  264                                    --    --    1.2   GAPDH (phosphorylation) \[*Hordeum vulgare*\]                                Cytoplasm                  33 235/6.20    850    P08477
  267                                    --    --    1.7   GAPDH (phosphorylation) \[*Hordeum vulgare*\]                                Cytoplasm                  33 235/6.20    880    P08477
  291                                    0.4   --    --    Ferredoxin-NADP reductase precursor \[*Zea mays*\]                           Plastid, chloroplast       36 375/8.37    210    S53305
  04\. Transcription                                                                                                                                                                     
  213                                    --    --    0.7   Nuclear RNA-binding protein A-like \[*Oryza sativa*\]                        Nucleus                    11 066/9.88    119    Q5JM99
  230                                    0.5   --    --    Putative heterogeneous nuclear ribonucleoprotein A2 \[*Oryza sativa*\]       Nucleus                    39 419/5.55    221    Q6YVH4
  05\. Protein synthesis                                                                                                                                                                 
  107                                    --    0.5   --    Poly(A)-binding protein \[*Triticum aestivum*\]                              Nucleus                    70 823/6.60    186    P93616
  347                                    --    --    3.1   Elongation factor 2 \[*Beta vulgaris*\]                                      Cytoplasm                  93 738/5.93    385    O23755
  06\. Protein destination and storage                                                                                                                                                   
  54                                     --    2.5   --    Endoplasmin homologue (HSP90) \[*Hordeum vulgare*\]                          Endoplasm                  92 859/4.86    1030   P36183
  109                                    1.6   --    --    Stress-inducible protein \[*Glycine max*\]                                   Nucleus                    63 585/5.81    369    Q43468
  118                                    --    1.5   --    Endoplasmin homologue (HSP90) \[*Hordeum vulgare*\]                          Endoplasm                  92 859/4.86    854    P36183
  153                                    --    1.4   --    Putative t-complex protein 1 theta chain \[*Oryza sativa*\]                  Cytoplasm                  60 265/6.16    537    Q653F6
  163                                    --    --    1.4   Calreticulin; calcium-binding protein \[*Hordeum vulgare*\]                  Endoplasm                  47 359/4.48    543    Q40041
  256                                    --    1.1   --    Putative disulphide-isomerase \[*Oryza sativa*\]                             Endoplasm                  56 854/5.01    256    Q53LQ0
  336                                    2.7   3.7   3.7   Cyclophilin A-2 \[*Triticum aestivum*\]                                      Nucleus                    18 379/8.52    108    Q93XQ6
  08\. Intracellular traffic                                                                                                                                                             
  324                                    1.4   --    --    Ran (small GTP-binding protein) \[*Oryza sativa*\]                           Nucleus                    25 038/6.66    601    Q9XJ45
  09\. Cell structure                                                                                                                                                                    
  186                                    --    --    0.6   Beta-5 tubulin \[*Triticum aestivum*\]                                       Cytoplasm                  50 309/4.73    840    Q9ZRA8
  10\. Signal transduction                                                                                                                                                               
  350                                    --    0.8   --    Nucleoside diphosphate kinase \[*Lolium perenne*\]                           Mitochondrion              16 501/6.30    576    Q9LKM0
  11\. Disease/defence                                                                                                                                                                   
  218                                    --    1.6   --    Molybdenum cofactor-containing proteins \[*Oryza sativa*\]                   Peroxisome                 43 780/8.14    301    Q8LP96
  305                                    0.3   --    --    Ascorbate peroxidase \[*Hordeum vulgare*\]                                   Peroxisome                 31 708/7.76    349    Q94IC3
  316                                    --    1.4   --    Glutathione *S*-transferase \[*Triticum aestivum*\]                          Plastid, mitochondrion     23 338/5.79    238    Q9SP56
  322                                    --    1.4   --    Glutathione *S*-transferase \[*Triticum aestivum*\]                          Plastid, mitochondrion     23 338/5.79    176    Q9SP56
  20\. Secondary metabolism                                                                                                                                                              
  98                                     --    --    0.6   Phenylalanine ammonia-lyase \[*Hordeum vulgare*\]                            Cytoplasm                  54 073/5.73    285    T05968
  272                                    0.7   --    --    dDTP-glucose 4--6-dehydratases-like protein \[*Arabidopsis thaliana*\]       Undefined                  38 389/7.09    297    T45701
  12\. Unclear classification                                                                                                                                                            
  77                                     0.3   --    0.3   Possible: OSJNBa0019J05.7 \[*Oryza sativa*\]                                 /                          106 067/8.72   /      Q7XW87
  78                                     0.1   0.2   --    Possible: hydroxyproline-rich glycoprotein-like protein \[*Oryza sativa*\]   /                          106 021/9.26   /      Q6YS91
  224                                    --    1.8   1.5   Possible: At1g30580 \[*Arabidopsis thaliana*\]                               /                          44 471/6.35    342    Q9SA73
  285                                    --    0.7   --    No confident ID                                                              /                          /              /      /
  342                                    --    --    1.7   Os03g0737000 \[*Oryza sativa*\]                                              /                          22 307/9.18    293    B9FBP6

Spot \#, protein spot number corresponding to [Fig. 6](#fig6){ref-type="fig"}; Protein ID \[source\], protein identification based on the highest score in an alignment with this protein; Subcellular localization, predicted subcellular location of the proteins based on computer analysis; Mr/PI, hypothetical molecular weight/isoelectrical point; PS, protein score; AccN, accession number.

The differential expression level of each protein was shown as the percentage volume of the spot in heat-treated plants compared with unstressed plants. Values \<1 represent significant down-regulation of that protein under heat stress, whereas values \>1 represent significant up-regulation of that protein under heat stress. -- indicates no significant difference existed in the abundance of the protein between the two temperatures.

![A representative Coomassie-stained 2D polyacrylamide gel of separated root proteins from the NT control grown at the normal temperature (20 °C). Identified proteins with significant difference among NT, S41, and H31 are indicated. The molecular weight (Mr) is marked.](jexboterq149f06_ht){#fig6}

![Selected differentially expressed protein spots (A, \#316, 322, 324; B, \#118; C, \#264, 267) in roots of the non-transgenic plants (NT) and two *ipt* transgenic lines (S41 and H31) at 10 d of treatment at normal temperature (20 °C) or with heat stress (35 °C).](jexboterq149f07_ht){#fig7}

The functions of the 43 proteins are summarized in [Fig. 8B](#fig8){ref-type="fig"}. Sixteen percent of the proteins fell in the category of metabolism, such as ferredoxin-dependent glutamate synthase (Fd-GOGAT) and methionine synthase; 26% of the proteins belonged to the category of energy and most of them play roles in glycolysis \[GAPDH, triosephosphate isomerase (TPI), fructose-bisphosphate aldolase, and glucose-6-phosphate isomerase (GPI)\], respiration (NADH dehydrogenase), and the tricarboxylic acid (TCA) pathway \[NAD-dependent isocitrate dehydrogenase (IDH) and aconitate hydratase\]; 16% of the proteins were related to protein destination and storage, including two Hsps and one calreticulin; 9% of the proteins belonged to the category of disease/defence, including three antioxidants \[ascorbate peroxidase (APX) and two GSTs\]. Proteins in the other categories included transcription (5%), protein synthesis (5%), intracellular traffic (2%), cell structure (2%), signal transduction (2%), secondary metabolism (5%), and unclear classification (2%).

![Pie charts showing functional classes of differentially expressed proteins in shoots (A) and roots (B) of the non-transgenic plants (NT) and two *ipt* transgenic lines (S41 and H31) in response to heat stress. The functional classification was based on the nomenclature described by [@bib4].](jexboterq149f08_ht){#fig8}

Predicted subcellular localization of the differentially expressed proteins in leaves and roots of the three lines under heat stress
------------------------------------------------------------------------------------------------------------------------------------

The subcellular location of each identified protein was predicted based on computer analysis using the Swiss-Prot protein knowledge base (<http://ca.expasy.org/sprot/>). Among the 15 differentially expressed proteins in leaves between NT and the *ipt* transgenic lines, the largest portion was localized in the chloroplast (53%), followed by the cytoplasm (20%), peroxisome (13%), plastid (7%), and unknown (7%) ([Fig. 9A](#fig9){ref-type="fig"}). Among the 43 differentially expressed proteins in roots between NT and the *ipt* transgenic lines, the largest portion was localized in the cytoplasm (33%), followed by plastid (16%), nucleus (14%), unknown (14%), endoplasm (9%), mitochondrion (9%), and peroxisomse (5%) ([Fig. 9B](#fig9){ref-type="fig"}).

![Pie charts showing organelle distributions of differentially expressed proteins in shoots (A) and roots (B) of the non-transgenic plants (NT) and two *ipt* transgenic lines (S41 and H31) in response to heat stress.](jexboterq149f09_ht){#fig9}

Discussion
==========

The two *ipt* transgenic lines were able to maintain shoot growth and exhibited no leaf senescence following 10 d of heat stress at 35 °C ([Fig. 1](#fig1){ref-type="fig"}). Both S41 and H31 had maintained higher leaf chlorophyll content and root mass than NT after 10 d of heat stress. The results suggested that the transformation of creeping bentgrass with the *ipt* gene using the *SAG12* or *HSP18* promoter improved heat tolerance associated with suppression of leaf senescence and promotion of root growth. These results could be related to enhanced expression of *ipt* transcripts and increased production of CKs ([@bib75]; [@bib69]). Consistently, enhanced expression of *ipt* transcripts in both leaves and roots of the two transgenic lines under heat stress was confirmed by northern blots in the current study. Leaf IPA, the form of CK whose production is directly controlled by the *ipt* gene, was maintained in H31 and increased in S41 under heat stress, in contrast to a decrease in the NT plants, indicating the active functioning of the *ipt* gene ligated to either promoter in stimulating CK production under heat stress. It is worth noting that increased root production may be an indirect effect of *ipt* expression in the shoots of the plants, as no differences in the number of roots and total root length on a per tiller basis were found between the *SAG12-ipt* line and the NT control line ([@bib75]). No difference in the levels of leaf IPA was detected among the three lines when they were grown at optimal temperature, though low expression of *ipt* transcripts was detected in both *ipt* transgenic lines. It suggests that both inducible promoters functioned effectively to prevent overexpression of *ipt* transcripts when there was no senescence or heat shock signal and CK contents were adequate. The up-regulation of *ipt* transcripts under the heat shock promoter did not cause significant increases in leaf IPA concentration, but helped to maintain the IPA concentration of heat-stressed plants at the pre-stress level.

Chloroplast proteins represent a major fraction (53%) of the differentially expressed proteins in leaves detected in the present study, and most of them had relatively higher expression levels after heat stress in at least one *ipt* transgenic line. [@bib6] studied the effects of heat stress on photosynthetic activity and chloroplast ultrastructure in correlation with the endogenous CK concentration in maize (*Zea mays* cv. Fronica) seedlings, and found the inhibition of photosynthetic activity and chlorophyll accumulation by heat stress could be reversed when levels of CKs were elevated by adding benzyladenine.

Root tissue was more severely affected by heat stress. [@bib73] reported that high soil temperature was more detrimental than high air temperature, and roots may mediate shoot responses to high temperature stress in creeping bentgrass. A total of 28 more differentially expressed proteins between NT and the *ipt* transgenic lines were observed in the roots of the three lines than in the leaves under heat stress. The differentially expressed proteins detected in roots included a high percentage (33%) of proteins located in the cytoplasm, suggesting the importance of cytosolic proteins in root tolerance to heat stress. Differentially expressed proteins in leaves or roots in responses to heat stress between the transgenic lines and the NT control are discussed below according to functional categories.

Leaf proteomic changes associated with *ipt* transformation and affected by heat stress
---------------------------------------------------------------------------------------

*Energy category*: Many identified proteins in this category are related to photosynthesis. Photosynthesis is among the processes most sensitive to elevated temperature. Changes in various transcripts and proteins involved in photosynthetic reactions have been reported in response to heat stress ([@bib26]; [@bib1]; [@bib41]).

The OEC along with the associated cofactors in PSII and carbon fixation by Rubisco are two primary targets of heat damage in plants ([@bib1]). Two OEC-related protein spots (\#178 and 192) were identified. Spot \#178 was OEE 2 that contained a conserved domain of the extrinsic protein PsbP. Its expression level was reduced 30% only in NT, but not in S41 or H31 under heat stress. Spot \#192 was a putative OEC precursor that contained a conserved domain of the extrinsic protein PsbQ. Its expression level was decreased 70% in NT, not changed in S41, and increased in H31 (1.9-fold) under heat stress. Protection of OEC by the extrinsic proteins of PSII was shown to be essential for development of cellular thermotolerance ([@bib27]), thus maintenance or up-regulation of the extrinsic proteins in PSII may be attributed to the superiority of the two transgenic lines over the NT control line growing under heat stress.

Rubisco large and small subunits often degrade with leaf senescence or maturation ([@bib67]). [@bib68] reported that the senescence-related decline in Rubisco was delayed in transgenic tobacco plants that produced more CKs. [@bib78] also found that incubation of wheat leaves (*Triticum aestivum*) with BAP reduced the degradation of Rubisco large and small subunits during dark-induced senescence. Decreased expression levels of both Rubisco large and small subunits were observed in NT and S41 under heat stress. There was no reduction in the expression level of Rubisco small subunit in H31, indicating improved thermal stability of Rubisco protein in this line. The difference could be due to the direct effect of the response of the *HSP18* promoter in H31 to heat stress on chloroplast protein levels by effectively controlling the *ipt* gene to regulate CK production under heat stress, compared with NT without the *ipt* gene or S41 with the *SAG12* promoter that responded to senescence signals caused by heat stress.

The expression level of a chloroplast chlorophyll *a*/*b*-binding protein (LHCP) belonging to the light-harvesting complex was increased the most in NT (2.2-fold), followed by H31 (1.2-fold), and not changed in S41 under heat stress. This protein functions as a light receptor that captures and delivers excitation energy to PSII and PSI. Under heat stress, carbon fixation is inhibited, which does not require much light energy and may result in oxidative damage to the photosynthetic apparatus ([@bib9]). Therefore, the lower or no induction of LHCP in H31 and S41 compared with NT indicated reduced light absorption capacity to avoid excessive excitation energy under heat stress that could damage the photosynthetic apparatus. An alternative explanation can be that in the *ipt* transgenic plants there is still a balance between NADPH production in the light reactions and its use in the Calvin cycle, thus there is no need for more LHCP, while the increase in LHCP by NT may be an attempt to dissipate excess light energy. The regulatory role of CKs in LHCP was reported by [@bib13], who detected a decline in the mRNA level of LHCP during dark-induced senescence whereas CK pre-treatment slightly increased the mRNA abundance. There may be a discrepancy between the abundance of LHCP mRNA and protein as reported by [@bib3] in the chlorophyll-deficient tobacco mutants, which accumulated normal levels of LHCP transcript but failed to accumulate the protein.

Several proteins functioning in the glycolytic pathway were differentially expressed between NT and the *ipt* transgenic lines, including enolase and GAPDH. Enolase and GAPDH are enzymes catalysing the ninth and sixth steps of glycolysis, respectively. A proteomic study conducted by [@bib12] in *Populus euphratica* leaves found that the abundance of enolase and GAPDH was transiently increased after 30 h of heat stress, followed by a reduction after 54 h of heat stress, suggesting an early acceleration of the glycolytic pathway upon exposure to high temperature. In the present study, the expression level of a leaf cytosolic enolase was increased in S41 (2.0-fold), maintained in H31, but decreased in NT (0.7-fold) after 10 d of heat stress; the expression level of a cytosolic GAPDH was increased to similar extents in NT (1.5-fold), S41 (1.4-fold), and H31 (1.5-fold), respectively. The higher enolase expression in the leaves of both transgenic lines carrying the *ipt* gene than in the NT control line after 10 d of heat stress may have resulted from CK activation of the glycolytic pathway. The response of enolase to CK was also found in the leaves of common ice plants (*Mesembryanthemum crystallinum*) by [@bib14], who detected increased enolase transcripts upon treatment of unstressed plants with BAP.

*Protein destination and storage category*: A plastid Hsp90, a cytoplasmic Hsp90, and a chloroplast Hsp70 were identified in this category. Proteins in the Hsp90 family act as chaperonins with ATPase activity and interact with proteins involved in transcription regulation and signal transduction pathways ([@bib33]). Hsp70 has a known function in preventing protein aggregation and assisting refolding of non-native proteins under both normal and stress conditions. The expression of Hsps has been correlated with the acquisition of thermotolerance in many plant species ([@bib64]), including creeping bentgrass ([@bib40]; [@bib20]). In the current study, an increase in the abundance of a plastid Hsp90 in S41 (2.8-fold) and a decrease in the abundance of a cytoplasmic Hsp90 in NT (70%) were observed under heat stress. A chloroplast Hsp70 was up-regulated 1.5-fold and 2.0-fold in S41 and H31, respectively, but not in NT. These results suggest a regulatory role for CKs in Hsp metabolism in the leaves of the *ipt* transgenic lines under heat stress, which may be related to the inhibition of Hsp degradation or activation of Hsp production. In agreement with this, [@bib62] previously reported that foliar spray of zeatin riboside increased the content of several Hsps and alleviated heat-induced leaf senescence in creeping bentgrass.

*Disease/defence category*: Two proteins belonging to this category were identified, GOX and CAT-1. GOX is a key enzyme involved in the photorespiratory pathway, which helps dissipate excessive energy and protect photosynthetic membranes. CAT, whose primary function is to catalyse the decomposition of H~2~O~2~, is essential for the protection of GOX against photoinactivation ([@bib47]). Both GOX and CAT represent the major constituents of the peroxisomal matrix in photosynthetic tissues. [@bib32] found that both GOX and CAT mRNAs decreased during leaf senescence in lentil (*Lens culinaris*). Transgenic *Pssu-ipt* tobacco with an elevated content of endogenous CKs showed increased GOX activity compared with non-transformed control plants ([@bib55]). The expression level of GOX was significantly decreased by 70% in NT, whereas it was increased in H31 (1.7-fold) but did not change in S41 under heat stress. These results indicate that improved heat tolerance regulated by CKs in the transgenic lines could involve maintenance or enhancement of expression of such glycolate pathway enzymes as GOX. The expression level of CAT-1 was increased to a greater extent in NT (2.3-fold) than in S41 (1.4-fold) and H31 (1.6-fold) under heat stress. Stress-induced CAT-1 expression was related to the triggering of H~2~O~2~ production, as proved by the observation that CAT-1 expression was induced by applied H~2~O~2~ ([@bib70]). Thus the lower CAT-1 expression in the *ipt* transgenic lines could reflect less severe oxidative damage caused by heat stress than that in the NT control line. This down-regulatory role of CKs in CAT was also reported by [@bib59] in a large-scale differential hybridization study, which detected a decreased level of CAT cDNA in etiolated cotyledons of cucumber (*Cucumis sativus*) treated with *N*^6^-benzyladenine.

Root proteomic changes associated with *ipt* transformation and affected by heat stress
---------------------------------------------------------------------------------------

*Metabolism category*: Fd-GOGAT is an enzyme functioning in the glutamine synthetase (GS)/GOGAT ammonium assimilation pathway, which regulates nitrogen assimilation ([@bib57]). A significant decline in the expression level of Fd-GOGAT protein was observed in roots of NT and H31, but not in S41 under heat stress. The maintenance of Fd-GOGAT in roots of S41 could sustain active assimilation of nitrogen, suggesting that the *SAG12* promoter was effective in responding to the signals triggered by impaired nutrient uptake under heat stress, which correlates with the recent findings that *SAG12-ipt* expression suppressed leaf senescence induced by N deficiency in creeping bentgrass (authors' unpublished results).

Serine hydroxymethyltransferase (SHMT) and phosphoserine aminotransferase (PSAT) are two enzymes functioning in one-carbon compound metabolic pathway. Both were detected in soybean (*Glycine max*) root nodules and involved in the purine biosynthetic pathway required for transport of the assimilated nitrogen from the nodules ([@bib36]; [@bib44]). [@bib71] recently reported that the expression level of SHMT decreased whereas that of PSAT increased under heat stress in two *Agrostis* grass species. In the current study, the decline of SHMT was greatest in NT (80%), intermediate in H31 (60%), and least in S41 (30%) after 10 d of heat stress. Increased PSAT expression was only observed in NT (1.5-fold), but not in S41 or H31. The less severe decline of SHMT and more stable production of PSAT in both transgenic lines may improve nitrogen transport and utilization to enable better growth under heat stress compared with the NT control line.

The expression level of a nucleotide-sugar dehydratase was decreased 80% only in NT under heat stress, but not changed in either *ipt* transgenic line. Production of this enzyme may assist in maintaining adequate sugar metabolism for growth of the transgenic lines under heat stress. This may relate to decreased sugar sensitivity resulting from activation of CK signalling as reported by [@bib15].

*Energy category*: Increased expression levels of two phosphorylated cytoplasmic GAPDHs were detected only in roots of H31 (1.2- and 1.7-fold, respectively) under heat stress. GAPDH has been regarded as a target of CK action in regulating glycolytic activity by modifying the phosphorylation state of GAPDH ([@bib19]). GPI and TPI are enzymes catalysing the second and fifth steps of glycolysis, respectively. An increased level of a cytoplasmic GPI expression was observed only in the roots of H31 (1.7-fold) under heat stress. The expression level of a cytoplasmic TPI was increased in all three lines after heat treatment, but the increase was greater in both transgenic lines (2.1-fold) than in NT (1.5-fold). [@bib10] has reported that cytoplasmic TPI activity and protein levels appeared to be regulated during development and are important in the supply of carbon to respiratory and biosynthetic pathways during active growth of potato. Hence, CK regulation of GPI and TPI could play a role in the balance of metabolic fluxes in plant primary metabolism that is required for sustained plant growth under stress conditions.

NADH dehydrogenase is an enzyme located in the mitochondrion that catalyses the transfer of electrons from NADH to coenzyme Q in the respiratory pathway. Two NADH dehydrogenase proteins whose expression levels were both decreased only in H31 under heat stress were identified. [@bib42] reported that total root respiration rate and specific respiratory costs for maintenance and ion uptake increased with increasing soil temperatures in two *Agrostis* grass species and the increases were less pronounced in the tolerant species than in the sensitive species. The lower NADH in H31 than in NT may reflect the inhibitory effects of CKs on respiratory carbon metabolism, which could lower respiratory carbon consumption in H31, an important factor controlling root survival under high temperature. The repression of the respiratory rise by CKs such as kinetin and BAP was also reported by [@bib58]. Moreover, [@bib35] suggested that there may be a point located between NADH dehydrogenase and cytochrome *b* of the electron transport system that is inhibited by CKs.

IDH is an enzyme functioning in the TCA cycle and catalyses the oxidative decarboxylation of isocitrate while converting NAD^+^ to NADH. It has been proposed that mitochondrial IDH can serve as the enzymatic origin of 2-oxoglutarate, the carbon skeleton required for plant ammonium assimilation through the GS/GOGAT pathway ([@bib22]). [@bib29] found that IDH mRNA levels were increased by the addition of nitrate or NH~4~^+^ to N-starved tobacco roots. Decreased levels of IDH expression were detected in roots of NT and H31 under heat stress, while the level in S41 was maintained. The relatively higher level of IDH expression in roots of S41 could reflect better assimilation of nitrogen for sustained growth under heat stress compared with the NT control line, which is consistent with the maintenance of Fd-GOGAT expression in the same line under heat stress as discussed above.

The expression level of a ferredoxin-NADP reductase precursor (FNR) was reduced 60% in the roots of NT, but maintained in both transgenic lines under heat stress. FNR in the non-photosynthetic tissues probably supports ferredoxin-dependent biosynthetic processes such as nitrogen assimilation ([@bib37]; [@bib18]). In that case, maintenance of FNR expression under heat stress could also reflect a superior nitrogen assimilation capacity of the transgenic lines over the NT control line that facilitates their growth under heat stress, in accordance with the present findings on Fd-GOGAT and IDH expression.

*Protein destination and storage category*: The expression levels of a protein disulphide-isomerase (PDI), two Hsp90s, and a putative t-complex protein 1 theta chain were increased in roots of S41 under heat stress. PDI catalyses the formation, cleavage, and isomerization of disulphide bonds, and is involved in regulating the folding and deposition of storage proteins ([@bib25]). Up-regulation of PDI as well as expression of Hsp90s in S41 may be related to protein folding and deposition of damaged proteins. The function of the putative t-complex protein 1 theta chain in stress tolerance has not been well documented.

Cyclophilins catalyse the isomerization of peptide bonds from the *trans* form to the *cis* form at proline residues and facilitate protein folding. [@bib39] reported that cyclophilin A is required for activation, export, and translocation of some important nuclear proteins. In this study, the expression level of a cyclophilin A-2 protein was increased 3.7-fold in both transgenic lines and 2.7-fold in NT under heat stress. Greater accumulation of this protein under heat stress could contribute to improved heat tolerance of the transgenic lines by reinforcing proper protein export and translocation.

Calreticulin is a multifunctional protein that binds Ca^2+^ ions. It binds to misfolded proteins and prevents them from being exported from the endoplasmic reticulum to the Golgi apparatus. An increased level of calreticulin expression was observed only in roots of H31 (1.4-fold) under heat stress, which may also support the survival of this transgenic line under heat stress by facilitating proper protein export and translocation.

*Disease/defence category*: Heat stress induces the production of reactive oxygen species (ROS). The induction of ROS-related enzymes is involved in the protection of root tissues from oxidative damage under stress conditions ([@bib77]). Among them are GST and APX. Increased expression of two GSTs was detected only in S41 (1.4-fold), and decreased expression of an APX only in NT (80%). The accumulation of GST and maintenance of APX may be partially responsible for the capability of transgenic lines to sustain root growth under heat stress through activating the ROS-scavenging system. Similarly, [@bib46] reported that overexpression of GST in tobacco seedlings increased glutathione-dependent peroxide scavenging and alterations in glutathione and ascorbate metabolism that led to reduced oxidative damage and enhanced growth under heat stress.

The expression level of a molybdenum cofactor (Moco)-containing protein was increased in S41 (1.6-fold) under heat stress. Moco-containing enzymes play roles in basic metabolic reactions in the nitrogen, sulphur, and carbon cycles, catalysing oxygen atom transfer in a two-electron transfer redox reaction mediated by Moco ([@bib28]). Four major groups of them have been found in plants: nitrate reductase, catalysing the key step in inorganic nitrogen assimilation; aldehyde oxidase, catalysing the last step in the biosynthesis of abscisic acid; xanthine dehydrogenase, involved in purine catabolism and stress reactions; and sulphite oxidase, involved in detoxifying excess sulphite ([@bib34]). Although the function of the Moco protein identified in S41 has not been specified, up-regulation of this Moco protein by CKs may facilitate plant survival by assisting in the oxidation--reduction processes involved in heat stress responses.

*Transcription category*: The expression level of a putative heterogeneous nuclear ribonucleoprotein (hnRNP) A2 was decreased only in roots of NT (50%) but maintained in both *ipt* transgenic lines under heat stress. hnRNPs are complexes formed by the nuclear precursors of mRNAs and specific proteins, which are major constituents of the nucleus and are important elements in the post-transcriptional pathway of the expression of genetic information ([@bib53]). The maintenance of this hnRNP in transgenic plants could enable proper gene expression for plants growing under stress conditions.

A decreased expression level of a nuclear RNA binding protein A-like protein was observed only in H31 (30%) under heat stress. RNA-binding proteins participate in synthesizing, processing, editing, modifying, and exporting RNA molecules from the nucleus ([@bib11]). Some of the RNA-binding proteins have been reported to be hormone receptors and mediate a subset of hormone actions ([@bib43]). How nuclear RNA-binding proteins are involved in stress tolerance is not well understood.

Summary
-------

Transformation with *ipt* induced protein changes involved in multiple functional groups. The diversity of the differentially expressed proteins in response to heat stress suggests a regulatory role for CKs in various metabolic pathways for heat tolerance. Among the differentially expressed proteins, a remarkably high percentage of them function in energy, protein destination and storage, and disease/defence categories in both leaves and roots. The expression levels of many of these proteins were maintained or increased in at least one *ipt* transgenic line under heat stress while they were decreased in the NT control line. CK regulation of heat tolerance of creeping bentgrass could involve complex mechanisms operating at the transcriptional, post-transcriptional, and post-translational levels. Further research may be conducted to confirm the expression of differentially expressed proteins using western blot analysis and identify genes encoding those proteins altered by *ipt* expression in order to reveal specific metabolic pathways and molecular mechanisms of CK regulation of heat tolerance in perennial grass species.
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[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/erq149/DC1) are available at *JXB* online.

**[Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq149/DC1).** The amino acid sequences of the trypsin-digested peptides (CI \>95%) for shoot protein identification.

**[Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq149/DC1).** The amino acid sequences of the trypsin-digested peptides (CI \>95%) for root protein identification.
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